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Organophosphorus (OP) nerve agents that inhibit acetylcholinesterase (AChE; EC 3.1.1.7) function in
the nervous system, causing acute intoxication. If untreated, death can result. Inhibited AChE can be
reactivated by oximes, antidotes for OP exposure. However, OP intoxication caused by the nerve agent
tabun (GA) is particularly resistant to oximes, which poorly reactivate GA-inhibited AChE. In an attempt
to develop a rational strategy for the discovery and design of novel reactivators with lower toxicity and
increased efficacy in reactivating GA-inhibited AChE, we developed the first in silico pharmacophore
model for binding affinity of GA-inhibited AChE from a set of 11 oximes. Oximes were analyzed for
stereoelectronic profiles and three-dimensional quantitative structure—activity relationship pharmacophores
using ab initio quantum chemical and pharmacophore generation methods. Quantum chemical methods
were sequentially used from semiempirical AM1 to hierarchical ab initio calculations to determine the
stereoelectronic properties of nine oximes exhibiting affinity for binding to GA-inhibited AChE in vivo.
The calculated stereoelectronic properties led us to develop the in silico pharmacophore model using
CATALYST methodology. Specific stereoelectronic profiles including the distance between bisquarternary
nitrogen atoms of the pyridinium ring in the oximes, hydrophilicity, surface area, nucleophilicity of the
oxime oxygen, and location of the molecular orbitals on the isosurfaces have important roles for potencies
for reactivating GA-inhibited AChE. The in silico pharmacophore model of oxime affinity for binding to
GA-inhibited AChE was found to require a hydrogen bond acceptor, a hydrogen bond donor at the two
terminal regions, and an aromatic ring in the central region of the oximes. The model was found to be
well-correlated (R = 0.9) with experimental oxime affinity for binding to GA-inhibited AChE. Additional
stereoelectronic features relating activity with the location of molecular orbitals and weak electrostatic
potential field over the aromatic rings were found to be consistent with the pharmacophore model. These
results provided the first predictive pharmacophore model of oxime affinity for binding toward GA-
inhibited AChE. The model may be useful for virtual screening of compound libraries to discover and/or
custom synthesize more efficacious and less toxic reactivators that may be useful for GA intoxication.

Introduction

Organophosphorus (OP) compounds, such as tabun (GA),
soman, sarin, or cyclosarin, and pesticides [paraoxon, chlorpy-
rifos, and tetraethyl pyrophosphate (TEPP)] represent an
extremely toxic group of compounds (1). Nerve agents such as
GA are considered potential warfare threats due to their high
intrinsic toxicity. OPs have documented uses in war, for
example, the use of VX used in the Iran—Irag war, and in
civilian attacks by terrorists, for example, the use of sarin in a
Tokyo subway (2). The acute toxicity of OP compounds in
mammals is due to inhibition of the enzyme acetylcholinesterase
(AChE; EC 3.1.1.7) and subsequent accumulation of the
neurotransmitter acetylcholine (ACh) in synapses of the central
and peripheral nervous systems, resulting in overstimulation of
postsynaptic cholinergic receptors (1). Exposure to OP com-
pounds causes a progression of toxic signs including hyperse-
cretions, fasciculation, tremors, convulsions, coma, respiratory
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distress, and, eventually, death. AChE is a serine hydrolase
responsible for hydrolyzing (removing) the neurotransmitter
ACh in humans and animals. The enzyme has a catalytic triad
consisting of Ser203, His447, and Glu334 at the active site in
a narrow deep gorge (~20 A), the lining of which contains
mostly aromatic residues that form a narrow entrance to the
catalytic Ser203 (3). A peripheral anionic site (PAS) comprising
another set of aromatic residues Tyr72, Tyrl24, Trp286, and
Tyr341 and acidic Asp74 (4) is located at the rim of this gorge
and provides a binding site for allosteric modulators and
inhibitors. AChE is inhibited by OP agents through a phosphorus
group that is conjugated to the catalytic serine residue at the
active site (3).

The conjugate of the inhibited AChE may either undergo a
process known as “aging” via an elimination reaction involving
dealkylation/deamidation, which is irreversible, or, prior to the
*aging”, undergo reactivation by nucleophiles such as oximes
(5, 6). The current standard treatment for OP poisoning includes
a muscarinic receptor antagonist, atropine, to block the over-
stimulation of cholinergic receptors by ACh accumulation and
an oxime to reactivate OP-inhibited AChE (1). Pralidoxime (2-
PAM), obidoxime, and HI-6 are the most commonly used

© XXXX American Chemical Society
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Chart 1. Structures of the Oximes Used for Developing the Phar macophore Model
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oximes for the treatment of OP exposure. These compounds,
containing a quaternary nitrogen that promotes binding in the
catalytic site of the AChE, are now considered the standard
treatments for OP exposure (1). The mechanism of reactivation
requires a nucleophilic group from the oximes, which cleaves
the OP-inhibited moiety of AChE and thus restores its functional
ability (7). However, the nerve agent GA is found to be resistant
to the common oximes (8a, 8b). In fact, none of the above
oximes can be regarded as a broad spectrum antidote to all nerve
agents. For example, VX-inhibited AChE can be reactivated
efficiently by the oxime HI-6, whereas HI-6 is far less
efficacious for GA-inhibited AChE (9). From structure—activity
relationship (SAR) studies, Musilek et al. (10) reported that
steric hindrance induced by GA-inhibited AChE led to partial
closing of the enzyme’s active site so that few bipyridinum
oximes can enter the active site to reactivate GA-inhibited
AChE. It was further hypothesized that the existence of a lone
pair of electrons located on an amidic group of GA makes the
nucleophilic attack by oximes ineffective (11). Thus, treatment
of GA poisoning with oximes is much more difficult and
challenging, suggesting the need for new oximes to reactivate
GA-inhibited AChE.

We present here the first in silico pharmacophore model of
oxime affinity for GA-inhibited AChE derived from theoretical
stereoelectronic and three-dimensional (3D) quantitative struc-
ture—activity relationship (QSAR) pharmacophore analyses.
Because the efficacy of an oxime to reactivate AChE depends
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on its affinity for the nerve agent inhibited enzyme, it is an
important parameter for overall reactivating efficacy because
reactivation is critically related to binding of the oxime to the
inhibited enzyme followed by breakdown of the inhibited
complex (12). The model developed in this paper reflects the
affinity of an oxime for the GA-inhibited enzyme. Our phar-
macophore is based on recently reported binding affinity (13, 14)
of 11 oximes (Chart 1) for GA-inhibited AChE. The oximes
were seven K-oximes including the potential candidate for
treatment of GA intoxication in vivo: (E)-1-(4-carbamoylpyri-
dinium)-4-(4 hydroxyiminomethylpyridinium)-but-2-ene dibro-
mide (K203), obidoxime, HI-6, trimedoxime, and 2-PAM. We
performed QSAR studies with nine oximes ranging from AM1
(Austin Model 1) semiempirical to hierarchical ab initio quantum
chemical calculations and pharmacophore generation with 11
oximes to assess the role of calculated properties toward binding
affinity of the oximes for GA-inhibited AChE.

More recently, quantum chemical descriptors have been used
in QSAR studies because of the large well-defined physical
information content encoded in many of these theoretical
descriptors (15). The ability of a bioactive molecule to interact
with the recognition sites in receptors or active sites of enzymes
results from a combination of steric and electronic properties.
Therefore, the study of stereoelectronic properties of these
molecules can provide valuable information not only to better
understand the mechanism of action but also to view the intrinsic
“interaction pharmacophore” profile to aid in the design of more
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Chart 2. Structures of the Oximes Used for Testing the Pharmacophore Model
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efficient compounds. Thus, study of the stereoelectronic proper-
ties of a series of bispyridinium oximes that reactivate GA-
inhibited AChE could provide insight for designing more
efficacious oximes (5, 6). Quantum chemical methods accurately
estimate stereoelectronic properties of molecules and “interac-
tion-pharmacophores” (16, 17).

An in silico pharmacophore, a “three dimensional pharma-
cophore”, may be perceived as a geometric distribution of
chemical features such as a hydrogen bond acceptor, hydrogen
bond donor, aliphatic and aromatic hydrophobic functions, ring
aromatic hydrophobicity, and other parameters describing the
specific biological activity in a 3D space of a drug (18).
Pharmacophores may be derived in several ways, for example,
by analogy to a natural substrate or known ligand, by inference
from a series of dissimilar active analogs, or by direct analysis
of the structure of a target protein (18). A pharmacophore can
be used in two ways to identify new compounds that share its
features and may thus exhibit a desired biologic response. In
the first approach, de novo design can be performed that links
the disjointed parts of the pharmacophore together with frag-
ments to generate hypothetical structures that are chemically
reasonable but completely novel. The second approach uses the
pharmacophore model to search 3D compound databases. A key
advantage of 3D database searching over de novo design is that
it identifies existing compounds that are readily available and
have known synthetic procedures. In the later case, pharma-
cophores generated by multiple conformations from a set of
structurally diverse molecules enable rapid screening of virtual
molecules/libraries to identify potent and nonpotent ligands
(19, 20).

Materials and Methods

Procedure Followed for Quantum Chemical Calculations.
Conformation search calculations were performed using the
“systematic search” technique via single-point AM1 method in
SPARTAN (21) to generate different conformers for each of the
molecules. The minimum energy conformer with the highest
abundance (a Boltzman population density greater than 70.0%) was
chosen for full geometry optimization using the AM1 algorithm
(22) followed by reoptimizations at the ab initio quantum chemical
level using hierarchical basis sets of the Gaussian98 package (23).
AML1 is a semiempirical quantum chemistry method. It is based on
the Hartree—Fock formalism but, like all other semiempirical
methods, makes approximations and obtains some parameters from
empirical data. Two main approximations make the method
computationally time effective. First, the size problem of a molecule
(number of atoms) is reduced by restricting treatment to valence
electrons only. Second, the basis set, molecular orbitals expressed
as linear combinations of a finite set of prescribed functions, is
restricted to a minimal representation. The central approximation,
in terms of reducing overall computation, is to insist that atomic
orbitals residing on different atomic centers do not overlap. These
considerations are important when treating large molecules where
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the full Hartree—Fock method without the approximations is too
time-consuming computationally (22). Geometry optimizations were
carried out sequentially at increasing levels of theory or basis sets
as inputs starting from the AM1 optimized geometry on the singlet
states of neutral molecules. Restricted Hartree—Fock (RHF)
calculations at the 6-31G** polarized (d,p) basis set level were
found to be adequate for this size of molecules since substantially
higher basis sets were found to produce similar trends (24). The
computations were carried out on a Silicon Graphics Octane
workstation. To simulate physiological conditions, complete ge-
ometry optimization of the molecules was performed in the presence
of an aqueous environment using the AMlaq method developed
by Dixon et al. (25) in SPARTAN and, subsequently, single point
calculations using the ab initio polarizable continuum model
(SCRF=PCM) (26). Molecular electronic properties such as the
molecular orbital energies, electrostatic potentials, octanol—water
partition coefficients (log P), and other structural parameters were
calculated on the optimized geometry of each of the molecules as
implemented in the above software.

Molecular electrostatic potential (MEP) maps and molecular
orbital isosurfaces were generated and sampled over the entire
accessible surface of a molecule (corresponding roughly to a van
der Waals contact surface) using the graphics of SPARTAN (21).
The MEP maps provide a measure of charge distribution from the
point of view of an approaching reagent. The orbital isosurfaces
locate positions and magnitudes of the orbitals where it is available
outside the normal steric volume of the molecule for interactions
with the complementary orbitals.

Procedure for Generation of 3D Pharmacophore Model. A
3D pharmacophore model was developed using the CATALYST
4.10 methodology (27). Although the recommended procedure for
a training set in CATALYST is to use 15—20 compounds with
experimental activity data, we had to use the present training set
of 11 compounds because these were the only oximes found in the
published literature that were tested under identical laboratory
conditions of physiological pH, carried out at room temperature,
had sufficient diversity data for affinity toward the GA-inhibited
AChE, reactivation efficacy data in terms kinetic parameters, and
were reported to have over 95% confidence limit on the experiments
(13, 14). However, we tested the predictive ability of the model
using an additional publication (28) providing experimental dis-
sociation constants, Kg, values for three of the four reported different
K-oximes: 1-(4-hydroxyiminomethylpyridinium)-5-(4-carbamoylpy-
ridinium)-3-oxa-pentane, 1; 1-(3-hydroxyiminomethylpyridinium)-
5-(4-carbamoylpyridinium)-3-oxa-pentane, 2; 1,5-bis-(2-hydroxy-
iminomethylpyridinium)-3-oxa-pentane, 3; 1,5-bis-(4-hydroxyimi-
nomethylpyridinium)-3-oxa-pentane, 4; (Chart 2), and HI-6, ob-
tained under the same experimental conditions. None of these four
compounds were considered for generating the training set.

CATALYST is an integrated commercially available software
package (27) that generates pharmacophores, commonly referred
to as hypotheses in the CATALYST terminology. It enables the
use of structure and activity data for a set of lead compounds to
create a hypothesis, thus characterizing the activity of the lead set.
The software is based on the HypoGen algorithm that allows
identification of hypotheses that are common to the “active”
molecules in the training set but at the same time not present in
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the “inactives” (18). The algorithm treats molecular structures as
templates comprised of chemical functions localized in space that
will bind effectively with complementary functions on the respective
binding proteins. The most relevant biological features are extracted
from a small set of compounds that cover a broad range of activity.
It enables the use of structure and activity data for a set of lead
compounds to generate a pharmacophore characterizing the activity
of the lead set. Conformational models of molecules were generated
by creating a training set of all of the oximes that emphasize
representative coverage within a range of the permissible Boltzman
population with significant abundance (within10.0 kcal/mol) of the
calculated global minimum. We selected this conformational model
for pharmacophore generation within CATALYST, which aims to
identify the best 3D arrangement of chemical features such as
hydrophobic regions, hydrogen bond donor, hydrogen bond accep-
tor, and positively and/or negatively ionizable sites distributed over
a 3D space explaining the activity variations among the training
set. The hydrogen-bonding features are vectors, whereas all other
functions are points.

Pharmacophore generation for the oximes based on experimen-
tally obtained data (13, 14) from GA-inhibited AChE was carried
out by setting the default parameters in the automatic generation
procedure in CATALYST such as function weight, 0.302; mapping
coefficient, 0; resolution, 287 pm; and activity uncertainty, 3. An
uncertainty “A” in the CATALYST paradigm indicates an activity
value lying somewhere in the interval from “activity divided by
A” to “activity multiplied by A”. Hypotheses approximating the
pharmacophore of the oximes were described as a set of aromatic
hydrophobic, hydrogen bond acceptor, hydrogen bond acceptor lipid
type, hydrogen bond donor, and positively and negatively ionizable
sites distributed over a 3D space. The statistical relevance of various
generated hypotheses was assessed on the basis of the cost relative
to the null hypothesis and the correlation coefficients. The
hypotheses were then used to estimate the activities of each of the
11 oximes. These activities are derived from the best conformation
generation mode of the conformers displaying the smallest root
mean square (rms) deviations when projected onto the hypothesis.
HypoGen considers a pharmacophore that contain features with
equal weights and tolerances. Each feature (e.g., hydrogen bond
acceptor, hydrogen bond donor, hydrophobic, positive ionizable
group, etc.) contributes equally to estimate the activity. Similarly,
each chemical feature in the HypoGen pharmacophore requires a
match to a corresponding ligand atom to be within the same distance
(tolerance) (27). Thus, two parameters, fit score and conformational
energy costs, are crucial for the estimation of predicted activity of
the compounds. This method has been documented to perform better
than a structure-based pharmacophore generation (29). To avoid
chance correlation, statistical relevance of the obtained pharma-
cophore was assessed on the basis of cost relative to the null
hypothesis (see the *.log file in the Supporting Information) and
the correlation coefficient with CatScrambled confidence level of
the pharmacophore (27). CatScrambled performs Fischer random-
ization calculations on the pharmacophore models as implemented
in the CATALYST (27). Using this technique, several models can
be generated from the training set, and the statistical significance
of each model can be calculated and assessed for their respective
total cost requirements and confidence level of a particular
pharmacophore. The details of the results of randomization calcula-
tions are presented in the Results and Discussion.

Procedure for General Preparation of These Compounds.
Candidates for the reactivation of GA-inhibited AChE generally
require two oxime groups (quaternary nitrogen atoms and bis-
oximes) in comparison to one quaternary nitrogen for other
organophosphates. In addition, more potent reactivators were found
to require at least one oxime group at the 4-position of the
pyridinium ring and a 3—4 member linker between the two
pyridinium rings. The basic structure for synthesis of a GA-inhibited
AChE reactivator is shown in the sketch below:

Detailed procedures for synthesis of these compounds have been
reported (13, 30, 31).
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HONAO )
+ +
N ~3 or 4 membered linker N

Results and Discussion

R

2%

Initially, we performed stereoelectronic property calculations
using semiempirical AM1 and hierarchical ab initio quantum
chemical methods on the nine oxime reactivators (13) of GA-
inhibited AChE (Chart 1), which yielded a more accurate
“interaction pharmacophore” profiles for the oximes. We carried
out conformational analysis and Boltzmann abundance calcula-
tions on the oximes and fully optimized each of the most
abundant minimum energy conformer using the AM1 method
(21, 22). AM1 optimized structures were further optimized using
hierarchical RHF quantum chemical calculations starting from
the minimum basis set of RHF/3-21G (23). For this set of
oximes, the optimal basis set was found to be RHF/6-31G**
doubly polarized (d, p) basis since the higher basis sets were
found to produce similar trends (24). Only results from the RHF/
6-31G** level of stereoelectronic property calculations are
presented here, and detailed analysis and discussions are
described below.

Stereoelectronic Characteristics. Calculated stereoelectronic
properties and profiles of the nine oxime reactivators along with
the reported (13) affinity for GA-inhibited AChE are presented
in Tables 1 and 2. The optimized geometry of the nine oximes
is shown in Figure 1, and the stereoelectronic profiles are
presented in Figures 2S—6S of the Supporting Information. A
comparison of the optimized geometry (Figure 1) of the
reactivators and their affinity for GA-inhibited AChE indicates
that obidoxime and trimedoxime have some significant differ-
ences despite certain apparent similarities in shape and geometry
in comparison to other oximes in the present study. These two
oximes are the only non K-oxime compounds having two
terminal oximes groups with a 3-atom spacer between the two
positively charged nitrogen atoms of the two pyridinium rings.
The only difference is the ether oxygen atom (—O—) between
the rings in obidoxime in comparison to a methylene (—CH,—)
group in trimedoxime. MEP surface profiles (Figure 2S of the
Supporting Information) as well as the highest occupied
molecular orbitals (HOMO) and lowest unoccupied molecular
orbitals (LUMO) and surface profiles of the two compounds
appear similar (Figures 3S—6S of the Supporting Information).
However, the magnitudes of MEPs, HOMO and LUMO
energies, total reactivity indexes, aqueous stabilization energy,
and calculated octanol/water partition coefficient (log P) between
the compounds change only marginally. Despite some similar
stereoelectronic attributes between obidoxime and trimedoxime,
obidoxime has a much greater affinity for GA-inhibited AChE
than trimedoxime (Tables 1 and 2), demonstrating the impor-
tance of the ether linker in obidoxime. Thus, a specific electronic
contribution likely plays an important role in increasing its
binding affinity as compared to trimedoxime against GA-
inhibited AChE (6).

Because oximes exhibit toxicity at high doses, more potent
reactivators with reduced toxicity are needed (32). Musilek et
al. (13) reported five K-oximes, three of which (K-203, K-027,
and K-048) have one oxime moiety replaced by a carbamoyl
group combined with different linkers between the pyridinium
moieties. Of these five K-oximes, K-203 is slightly less toxic
than K-074 and K-075, whereas K-027 and K-048 were reported
to be least toxic (12) (Chart 1). However, the trend from our in
silico rat oral LDs, assessment (Table 2) using TOPKAT (33)
shows the following decreasing order on the eight compounds:
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Table 1. Calculated Stereoelectronic Properties (ab Initio RHF/6-31G**) and Affinity for GA-Inhibited AChE

affinity for inhibited enzyme

compound distance (A) N*—N* density molecular volume (A%) surface area (A?) (uM) (experimental) (13)
obidoxime 4.58 1.0 286.5 320.0 3.0
K-203 5.76 0.96 308.4 336.6 6.0
HI-6 4.23 1.01 284.2 309.1 6.0
K-075 5.87 0.96 310.3 3435 19.0
K-074 6.31 0.95 314.4 348.3 29.0
K-027 4.99 0.97 294.9 325.9 54.0
K-048 6.04 0.95 3133 345.8 93.0
trimedoxime 5.0 0.96 296.1 328.3 460.0
2-PAM 2.94 0.94 145.0 167.0 575.0

Table 2. Calculated Stereoelectronic Properties (ab Initio RHF/6-31G** and Empirical Methods) and Affinity for GA-Inhibited

AChE

MEP (kcal/mol)

affinity for

aqueous calculated rat inhibited enzyme
stabilization electrostatic charge HOMO LUMO HOMO-LUMO oral LDs (experimental)
compound  (kcal/mol) logP  low high  separation (kcal/mol)  (eV) (eV)  energy gaps (eV) (mg/kg) (uM) (13)
obidoxime 148.5 0.37 681 189.3 121.2 —15.6 —5.3 10.3 1100 3.0
K-203 150.3 —0.29 46.1 182.9 136.8 —15.6 —5.0 10.6 502.7 6.0
HI-6 151.5 0.9 69.3 202.3 133.0 —16.1 —5.5 10.6 807.4 6.0
K-075 142.5 048  64.0 175.1 1111 —15.3 —4.8 10.5 643.3 19.0
K-074 141.3 0.53 618 172.8 111.0 —15.2 —4.6 10.5 4245 29.0
K-027 154.6 —0.52  48.6 188.0 139.4 —15.5 —5.2 10.3 568.4 54.0
K-048 148.6 —0.24 447 181.9 137.2 —15.3 —4.8 10.4 321.4 93.0
trimedoxime 148.8 025 657 182.7 117.0 —15.4 —5.0 10.4 722.8 460.0
2-PAM 46.9 141 402 138.5 98.3 -138 —29 10.8 477.4 575.0

K-048 < K-074 < K-203 < K027 < K-075 < trimedoxime <
HI-6 < obidoxime, indicating higher toxicity as a whole for the
K-oximes as compared to the currently available oximes (Table
2). Note that the calculated in silico toxicity values were based
on rat oral doses, whereas Kassa et al. (31) reported LDs values
for the oximes following i.m. administrations in mice. Calculated
stereoelectronic profiles of the nine oximes (Figure 1 and Figures
2S—6S of the Supporting Information) indicated large differ-
ences. The oximes HI-6, K-203, K-027, and K-048, which have
one of the oxime moieties replaced with a carbamoyl group at
the terminal end of the molecule (Chart 1), were prepared to
reduce toxicity and, similar to HI-6, to improve efficacy. In silico

3. Obidoxime (Kz=3)

2. HI6 (Kg=6)

rat oral LDs, assessment of these compounds indicated higher
toxicity of these three K-oximes as compared to HI-6. HI-6 is
currently considered the most broad spectrum reactivator for
nerve agent intoxication, although not sufficiently efficacious
to reactivate GA-inhibited AChE (34).

The nature of HI-6 was further explored; the optimized
geometry of HI-6 is different from the other eight oximes (Figure
1). It exhibits the most bent geometry among all of the eight
bipyridinium oximes in the set with the ether linker between
the two pyridinium moieties (N*—N™ distance 4.23 A), which
indicates a likely formation of an intramolecular hydrogen
bonding between the hydroxyl hydrogen atom of the oxime and

~

9. K-203(K=6)

8. K-075 (K.=19)

6. K-048 (K =93)

7. K-074 (K;=29)

4. Trimedoxime
(Kzr=460)

5. K-027 (K;=54)

1. 2-PAM (K =575)

Figure 1. Optimized structures of nine oximes (shown in order of decreasing affinity for GA-inhibited AChE at the RHF/6-31G** level of ab initio

QM theory).
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the carbonyl oxygen of the carbamoyl group (approximate
distance, 2.03 A). Consequently, HI-6 geometry generated a
lower surface area and volume with higher molecular density
as compared to all of the other oximes (Table 1) except for
2-PAM. This geometry also resulted in HI-6 differing from the
other oximes in surface MEP and HOMO and LUMO energy
values (Table 2) and isosurfaces (Figures 2S, 4S, and 6S of the
Supporting Information). The lowest and the highest MEP
values, particularly the most positive potentials (a measure of
intrinsic electrophilicity), the HOMO and LUMO energies
(Table 2), and the HOMO and LUMO orbitals (Figures 2S, 3S,
and 5S of the Supporting Information) of HI-6 differ signifi-
cantly from the rest of the oximes. HI-6’s stereoelectronic
differences likely contribute toward its stronger binding affinity
and weaker reactivation efficacy for GA-inhibited AChE.
However, the calculated total reactivity index (HOMO—LUMO
difference) of both HI-6 and K-203 is similar (Table 2),
suggesting an explanation for similar binding affinity for GA-
inhibited AChE.

The K-oximes have different linker carbon atoms between
the two pyridinium moieties and also differences in binding
affinity for GA-inhibited AChE oximes. For K-203 and K-075,
the linker is a four carbon atom with a C—C double bond,
whereas in K-027, K-074, and K-048, the linkers are three and
four carbon saturated chains. Table 1 and the optimized
geometry of these compounds (Figure 1) show the structural
differences. K-203 and K-075 oximes are similar except that
one of the oxime moieties in K-203 has been replaced by a
carbamoyl group. Although this difference resulted in marginal
changes in distance between the bisquaternary nitrogen atoms,
molecular volume, and density, the surface area of K-203
decreased by about 7 A?, a factor that is likely responsible for
improving its efficacy by about 3-fold (Table 1). Although
Musilek et al. (13) did not report the affinity for the inhibited
enzyme for cis or trans configurations of K-203 and K-075 in
the binding affinity assay, our calculated geometry minimization
and optimization methodology indicate the cis configuration of
K-203 to be more stable in both gas and aqueous media than
the trans, whereas the trans configuration of K-075 was modeled
to be more stable in both gas and aqueous media than the cis
(Figure 1). This observation suggests that the cis configuration
of K-203 is responsible for 3-fold increase in binding affinity
as compared to K-075, although K-075 has two terminal oxime
moieties, whereas K-203 has one oxime moiety replaced by a
carbamoyl moiety. Furthermore, replacement of the oxime
moiety with a carbamoyl group in K-203 increased its hydro-
philicity and aqueous stabilization by about 8.0 kcal/mol (Table
2) and reduced its calculated octanol/water partition (log P) to
—0.29. Thus, the increased hydrophilicity and reduced log P
of K-203 favored its reactivation efficacy and binding affinity
for GA-inhibited AChE oximes. On the other hand, these two
properties are known to reduce blood—brain barrier penetration
(35, 36). Although K-048 has a similar carbamoyl substitution
for one of the oxime moieties, the conformational flexibility
resulting from the saturated four carbon atom linker is likely
responsible for its reduced efficacy. Despite having similar
conformational flexibility as K-048, K-027 may be more potent
due to the shorter distance between the bisquaternary nitrogen
atoms due to its three atom saturated carbon linker chain and
the resulting combination of stereoelectronic attributes. Inspec-
tion of Tables 1 and 2 indicates that K-027 is better stabilized
in an aqueous environment, has a more negative log P, a lower
molecular volume, a lower surface area, and a lower distance
of separation between the bisquaternary nitrogen atoms of the
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pyridinium moieties (N*—N). Interestingly, decreasing the
distance between the bisquaternary nitrogen atoms (NT—N*
distance) resulted in a predicted decreased toxicity of K-027
(Table 2, as found from our in silico rat oral LDs evaluations).

The most noticeable difference in electronic profiles between
K-203 and the other two comparable reactivators, obidoxime
and HI-6, is the MEP values (Table 1). The MEP isosurface of
a molecule is a measure of the charge distribution from the point
of view of an approaching reagent. The deepest red color
indicates the most negative electrostatic potential region and,
therefore, the nucleophilic power site of a molecule. In contrast,
the deepest blue color indicates the most positive electrostatic
potential region or most electrophilic region in a molecule.
K-203 has a much lower MEP value than obidoxime and HI-6
(Table 2), and the locations of its most negative potential are
different in the MEP profiles (Figure 2S of the Supporting
Information) in comparison to obidoxime and HI-6. Although
the most nucleophilic site in these oximes is located near the
hydroxyl oxygen atom, in K-203, it is located by the carbonyl
oxygen atom of the carbamoyl group, resulting in a decrease in
the intrinsic nucleophilicity of the oxime moiety and also
toxicity. Although HI-6 has a similar carbamoyl group at one
end of the molecule, the close proximity of the oxime hydroxyl
hydrogen atom and the carbamoyl oxygen atom permits an
intramolecular hydrogen bond to form and shift the most
nucleophilic site to the hydroxyl oxygen atom of the oxime
(Figures 1 and Figure 2S of the Supporting Information).

The HOMO and LUMO orbitals and their corresponding
isosurfaces are shown in Figures 3S—6S of the Supporting
Information. The most likely sites for electrophilic and nucleo-
philic attack can be visualized in these isosurfaces. These
surfaces locate the positions and magnitudes of the HOMO and
LUMO where it is available outside the normal steric volume
of a molecule for interaction. In these isosurfaces, the lobes
that are attacked are color-coded blue. The location, size, and
intensity of the blue patches can be interpreted for intermolecular
reactivity and assessment for selectivity (37). Examination of
the HOMO orbitals and isoorbital surfaces of these oximes
(Figures 3S and 4S of the Supporting Information) revealed that
nucleophilic attack is only possible through the oxime moieties,
which is consistent with the reported mechanism of action of
these compounds (6, 7). Further examination of the HOMO
profiles (Figures 3S and 4S of the Supporting Information)
indicated that replacement of the second oxime moiety with a
carbamoyl group, as in HI-6, K-203, K-027, and K-048, resulted
in large changes in the orbitals. The compounds have their
HOMO orbitals localized around only the oxime moiety, while
the bis oximes have orbitals near both oxime moieties. However,
inspection of LUMO orbitals and isoorbital surfaces (Figures
5S and 6S of the Supporting Information) suggested that a
nucleophilic attack from the HOMO of an approaching nucleo-
phile is likely to take place on the accessible aromatic ring
surface of the compounds, since the larger LUMO lobes (deeper
blue color) are located around these regions of the molecules.
Examination of the LUMO orbitals and isoorbitals (Figures 5S
and 6S of the Supporting Information) revealed sharply different
profiles between HI-6 (localized LUMO over the aromatic ring
adjacent to the carbamoyl group) and K-203 (two localized
LUMO over the two aromatic rings), despite the compounds
having similar binding affinity for GA-inhibited AChE. This
suggests a mechanism change for nucleophilic attack between
the two compounds. Electron transfer from the receptor site to
HI-6 and K-203 is likely to be different. K-048 is the only other
oxime in this set of compounds that is found to have a LUMO



Pharmacophore Model for GA-Inhibited AChE Reactivators

Ring aromatic

H-bond donor

H-bond
acceptor

Figure 2. Pharmacophore model for binding affinity of GA-inhibited
AChE oximes.

localized by the carbamoyl group, although its optimized
geometry is completely different from HI-6 (Figure 1 and
Figures 5S and 6S of the Supporting Information). To sum-
marize the results from the above stereoelectronic calculations,
the distance between the bisquarternary nitrogen atoms of the
two pyridinium rings in the oximes, an optimum hydrophilicity,
large surface area, weak electrostatic potential over one of the
aromatic rings, low nucleophilicity of the oxime oxygen, and
specific locations of the molecular orbitals on the isosurfaces
are the stereoelectronic attributes for high potency and reduced
toxicity of reactivators for GA-inhibited AChE.

Phar macophore Model for AChE Affinity for GA Intoxi-
cation. We developed a 3D pharmacophore model for binding
affinity toward GA-inhibited AChE of the oximes (Chart 1)
using the CATALYST methodology (27). The model was found
to contain one hydrogen bond acceptor function, one hydrogen
bond donor function, and one aromatic hydrophobic (aromatic
ring) function located in specific geometric regions surrounding
the molecular space (Figure 2). The model was generated from
the training set of the 11 AChE reactivator oximes (Chart 1)
reported by Musilek et al. (13) and Kassa et al. (14). The binding
affinity for the inhibited enzyme expressed as a dissociation
constant of the inhibited enzyme—oxime complex of the 11
reactivators was used in the training set and covered a broad
range of activity, spanning a K of 3.0—2510.0 uM (Table 1).
The efficacy of an oxime to reactivate AChE depends on its
affinity for the nerve agent-inhibited enzyme, the parameter Kg
labeled “affinity for inhibited enzyme” in Table 2 (13, 14). The
pharmacophore developed in this paper reflects the affinity of
an oxime for the nerve agent-inhibited enzyme, which depends
on a variety of physical features that have been modeled (see
the Materials and Methods). These features include electrostatic
effects, hydrophobic interactions (or more specifically aromatic
hydrophobic or aliphatic hydrophobic interactions), hydrogen
bond donors, hydrogen bond acceptors, hydrogen bond acceptors
(lipid), ionizable sites, and ring aromatic sites. Kg also takes
into account the shape, size, surface area, volume, and functional
groups of the oxime. This is an important parameter for overall
reactivating efficacy because reactivation is related to binding
of the oxime to the inhibited enzyme followed by breakdown
of the inhibited complex (rate constant of reactivation) (12).
The series of oximes evaluated here focused on the nerve agent
GA. An extreme example of the importance of affinity for
inhibited enzyme would be the case where an oxime, such as
obidoxime (compound 3, ref 13), has high affinity (small Kg)
and reactivation efficacy for GA-inhibited enzyme but poor
(large Kg) for cyclosarin-inhibited enzyme (38). Although the
oxime nucleophilicity remains essentially unchanged, obidoxime
is a poor reactivator of cyclosarin because it cannot bind to the
inhibited enzyme, presumably because the active site with
inhibitor precludes appropriate penetration and interaction.
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Taken together, the pharmacophore developed here describes
the general requirements and features of an oxime (or compound
with appropriate features) to bind to GA-inhibited enzyme, rather
than dissection of the pseudo-first order rate constant of
reactivation by the nucleophilic attack of the oxime.
CATALYST methodology (27) was used to develop the
model by placing suitable constraints on the number of available
chemical features, such as aromatic hydrophobic or aliphatic
hydrophaobic interactions, hydrogen bond donors, hydrogen bond
acceptors, lipid hydrogen bond acceptors, and ring aromatic
sites, to describe the affinity for the inhibited enzyme of the
compounds. The above-discussed results of quantum chemical
calculations and the stereoelectronic properties of these com-
pounds provided guidance for calculation of these physico-
chemical features. The calculated stereoelectronic features,
particularly the MEP profiles at the van der Waals surface and
at different distances from this surface, can provide an accurate
estimate of electron densities in the surrounding space of a
molecule, which in turn can guide one in the selection of the
features for performing the pharmacophore generation in the
CATALYST. For example, a large electron density region in
the surrounding space of a molecule would indicate a hydrogen
bond acceptor characteristic of a particular atom in the region;
similarly, the most positive potential region in a molecule would
indicate a hydrogen bond donor atom, and very weak electro-
static potential regions would indicate hydrophobic regions.
Although the calculated RHF/6-31G** optimized geometry and
its stereoelectronic properties provided the basic guidelines for
generation of the pharmacophore, it is important to note that
energy minimization of a small molecule alone does not
automatically stop at a local minimum of the potential energy
surface if the minimum is shallow, thus leading to folding of
the molecule and consequently hampering the generation of the
bound conformation of a guest in the absence of its host (39).
Thus, to address this possibility, during the pharmacophore
development, molecules were mapped to the features with their
predetermined conformations generated using the “fast fit”
algorithm in the CATALYST that is technically similar to the
reported normal-model-analysis-monitored energy minimization
procedure for generating bound conformation (40). The con-
formational energy for developing the set of 3D conformers
ranges between 0 to 20 kcal/mol. However, because HI-6 is
reported to be highly mobile in the active site of AChE (8b)
and because its calculated optimized RHF/6-31G** geometry
of folded conformation with intramolecular hydrogen bonding
may not reflect the derived pharmacophore model, we performed
conformation generation using the HI-6 bound conformation
taken from crystal structure (6) to CATALYST and used the
“fast” mode to develop the model (27). The procedure resulted
in the generation of 10 alternative pharmacophores for affinity
of the inhibited enzyme of this training set. The correlation
coefficients ranged from 0.93 to 0.87 for 6 of the 10 models,
while the remaining four models were found to have below 0.8
correlation coefficients. The total costs of the pharmacophores
varied over a narrow range (45—51.5 bits), and the difference
between the fixed cost and the null cost was 71 bits, satisfying
the acceptable range as recommended in the cost analysis (see
the *.log file in the Supporting Information) of the CATALYST
procedure (27). Notably, the best pharmacophore characterized
by one hydrogen bond acceptor function, one hydrogen bond
donor function, and one aromatic hydrophobic (aromatic ring)
function (Figure 2) is also statistically the most relevant
pharmacophore. The predicted affinity for the inhibited enzyme
values along with the experimentally determined Kg («M) values
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Table 3. Predicted Binding Affinity Values for GA-Inhibited
AChE—Reactivator Complexes along with the
Experimentally Determined Kg (#M) Kinetic Values of the
Oximes

experimental Kinetic predicted kinetic
parameter, dissociation parameter, dissociation

compound (Kr) (uM) (13, 14) (Kr) (uM) error®
obidoxime 3.0 1.8 -1.6
K-203 6.0 13.0 2.2
HI-6 6.0 15.0 2.4
K-075 19.0 26.0 1.4
K-074 29.0 24.0 -1.2
K-027 54.0 62.0 11
K-048 93.0 35.0 —2.7
trimedoxime 460.0 200.0 2.4
2-PAM 575.0 690.0 1.2
K-005 2510.0 1000.0 —-25
K-033 5.0 11.0 2.3

2Values in the error column represent the ratio of estimated activity
to experimental activity or its negative inverse if the ratio is less than
one. Uncertainty = 3.0.
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Figure 3. Correlation between experimental and predicted dissociation
constants (Kg) (in M) of the nine GA-inhibited AChE oximes (R =
0.93).

of the oximes are presented in Table 3. A plot of experimentally
determined Kg («M) values in the training set and their predicted
Kr (uM) values demonstrated an excellent correlation (R = 0.93)
within the range of uncertainty 3, indicating the predictive power
of the pharmacophore (Figure 3). The statistical significance of
the reported pharmacophores (hypotheses) is observed to be well
within the recommended range (27) of values of the CATA-
LYST procedure. The difference of 70 bits between the fixed
and the null cost clearly indicates the robustness of the
correlation. Moreover, as the cost difference between the first
to the tenth hypothesis and the null hypothesis varies between
66 and 60 bits, it could be expected that for all of these
hypotheses, there is about a 90% chance of representing a true
correlation (R = 0.9) in the data. Next, the pharmacophore is
used to estimate the activities of the oximes in the training set
(Table 3). The potent analogs of the series map all of the
functional features of the best hypothesis with high scores, for
example, obidoxime, HI-6, K-203, K-027, K-048, K-074, and
K-075, while the less potent compounds map fewer of the
features, for example, 2-PAM and trimedoxime (Figures 4 and
5). Note that the mapping of the pharmacophore onto HI-6
(Figure 4), the folded conformation in the RHF/6-31G**
optimized geometry of HI-6, is not seen here, but rather, a
conformer similar to the bound conformation in the crystal
structure (HI-6 bound GA-inhibited AChE) is observed (6).
Although HI-6 is not as good a reactivator for GA-inhibited
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2-PAM Hbe

Obidoxime Trimedoxime

Figure 4. Mapping of the pharmacophore on 2-PAM, HI-6, obidoxime,
and trimedoxime showing that the potent analogs map all of the
functional features, while the less potent compounds map fewer of the
features.

K-027 K-048

K-203

K-074

K-075

Figure 5. Mapping of the pharmacophore on selected K-oximes
showing the potent analogs of the series map all of the functional
features, while the less potent compounds map fewer of the features.

ACHhE, it binds well to the GA-inhibited AChE. However, its
reactivation potency is in the same order of magnitude as
obidoxime and more efficacious than trimedoxime. Thus, our
pharmacophore model can provide an overall view for an oxime
that binds well to the GA-inhibited AChE and differentiates
those that do not.

Analysis of the reported X-ray crystal structures of mouse
AChE (mAChE) bound with HI-6 and obidoxime (6) also shows
the importance of the ring aromatic, hydrogen bond acceptor,
and hydrogen bond donor features associated with this phar-
macophore model. The crystallographic observations are found
to support our pharmacophore model. It is commonly believed
that despite the possibility of different intermolecular interactions
at the peripheral site of the binding pocket of mAChE, the
pyridinium ring of the oxime reactivators interacts with the
catalytic site in a similar fashion (8a). The main feature of the
HI-6-bound mAChE crystal structure was the strong cation—sx
interaction between the 4-carboxylamide-pyridinium ring and
the side chains of Tyr124 and Trp 286 (6). HI-6 mapped onto
the ring aromatic feature of our pharmacophore model (Figure
4) incorporates a cation—s interaction. The carboxylamide
moiety of HI-6 is reported to form a hydrogen bond with the
main chain Ser298 and water molecule. The hydrogen bond
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acceptor feature of our pharmacophore model (Figure 9)
accounts for this interaction with HI-6. In addition, it was
reported (6) that the 2-hydroxy-iminomethylpyridinium ring of
HI-6 moves toward the catalytic site interacting with the side
chains of Tyr337, Phe338, and Tyr341 via nonbonded contacts
and hydrogen bonds. This crystallographic observation also
supports the hydrogen bond donor feature of the hydroxyl
moiety of the 2-hydroxy-iminomethylpyridinium ring in HI-6
mapped onto the pharmacophore model (Figure 4). Taken
together, the above observations of HI-6 bound to the mAChE
crystal structure were found to be consistent with our pharma-
cophore model (Figure 4).

The reported crystal structure of the obidoxime complex with
MAChE (6) showed that the pyridinium oxime forms a hydrogen
bond with the carbonyl oxygen of Val282 and cation—x
interactions with the side chains of Trp286 and Tyr72. Obi-
doxime mapped onto the pharmacophore model (Figure 4) was
consistent with the X-ray data since the hydrogen bond donor
feature supports the formation of a hydrogen bond with the
carbonyl oxygen of Val282. Also, the ring aromatic feature of
the model should be capable of cation—z interactions with the
side chains of Trp286 and Tyr72. However, the mapping of
hydrogen bond acceptor feature on the ether oxygen atom at
the central chain of obidoxime in the pharmacophore model
could not be rationalized with the crystal structure where the
central chain of obidoxime is accommodated in the active site
gorge with no hydrogen-bonding partner for the ether oxygen
(6).

A recently reported crystallographic study of K-027 bound
to mAChE showed that the oxime group of K-027 binds in a
similar manner to HI-6 at the Phe295 (8b). The carboxy-
aminopyridinium ring of K-027 is sandwiched by Tyr124 and
Trp286, and the 4-oxime pyridinium ring enters the catalytic
site parallel to Tyr337 with its oxime oxygen forming hydrogen
bonds to the main chain oxygen of His447 and water molecules.
Our pharmacophore model mapped onto K-027 (Figure 5)
suggests this possibility of K-027 to the hydrogen bond with
the main chain oxygen of His447, and it is also observed to be
better stabilized in an aqueous environment as seen from its
stereoelectronic attributes (Table 2). In summary, although our
pharmacophore model was developed solely from SARs of 11
oxime reactivators for GA-inhibited AChE, crystallographic
observations support the model (6, 8a, 8b).

However, to further reduce chance correlation of the phar-
macophore model, in addition to above-discussed statistical
analyses, we performed a Fischer randomization as implemented
in the CatScramble module of the CATALYST (27). This
allowed the generation of 19 random spreadsheets from the
training set. The statistical significance of the models was
calculated. Sixteen of the randomized generated models required
a total cost value lower than the model under investigation,
indicating an approximately 85% confidence level of our
pharmacophore model.

Furthermore, from an additional published report listing
dissociation constants, Kg (28), of three new K-oximes (none
were considered for the training set) and HI-6 evaluated for
GA-inhibited AChE, we created a test set and predicted the Kg
values of these compounds (Table 4) by conformational
mappings of the compounds onto the pharmacophore. The
pharmacophore mapped well onto these four compounds (Figure
6). The mappings predicted the Kg values, which are found to
be well within the experimental uncertainty. The average error
between the experimental and the predicted Kg values is found
to be 2.1 for the training set (Table 3) oximes, whereas it is 2.7

Chem. Res. Toxicol., Vol. xxx, No. xx, XXXX |

Table 4. Experimental and Predicted Binding Affinity (Kg)
Values for Four Reported Compounds against GA-Inhibited
AChE Reactivation by Mapping the Pharmacophore M odel

experimental dissociation  predicted dissociation

compound (Kr) (uM) (28) (Kr) (uM) error®
HI-6 27 15 -18
1 209 48 -43
2 N/A 28
3 47 120 25
4 41 17 24

#Values in the error column represent the ratio of estimated activity
to experimental activity or its negative inverse if the ratio is less than
one. Uncertainty = 3.0.

Figure 6. Mapping of the pharmacophore on four test set K-oximes
from Table 4 showing the ability of the pharmacophore to predict
binding affinity of these compounds against GA-inhibited AChE—
reactivator complexes.

for the test set oximes (Table 4); both are within the limit of
uncertainty, 3.0, and HI-6 appears to be better predicted in the
test set oximes. Thus, the pharmacophore model developed in
this study provides predictive value.

Conclusion

Our theoretical study of stereoelectronic properties and
generation of an in silico pharmacophore model based on the
reactivators of GA-inhibited AChE provided insights on the
mechanism of AChE binding affinity for the oximes. Notably,
bis-oximes that contain an ether linker between the pyridinium
rings increased affinity toward the inhibited AChE and increased
the reactivation efficacy as well (9). However, the K-oximes
contain different linkers, including both saturated and unsatur-
ated carbon chains, which improved oxime efficacy probably
due to specific stereoelectronic characteristics. For example, in
K-203, the distance between the bisquaternary nitrogen atoms
(NT—N™), increased hydrophilicity, lower surface area, lower
nucleophilic power of the oxime oxygen, and specific location
of the predominant HOMO and LUMO orbitals in the isosur-
faces together provide the necessary stereoelectronic attributes
that enable K-203 to be a better and less toxic reactivator for
GA-inhibited AChE.

The in silico pharmacophore model developed here accounted
for mouse AChE affinity for HI-6, obidoxime, and K-027 oxime
for GA-inhibited AChE. Although our model was developed
solely from SARs, it is highly consistent with X-ray crystal
structures of AChE with bound reactivators, and the predicted
affinity for inhibited enzyme of less toxic oximes from our
pharmacophore model was robust (Table 3).
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